As a secreted, phosphorylated integrin-binding protein, osteopontin (OPN) is an atypical immune regulator. Nevertheless, its role in modulating the immune response has been definitively established over the last 3 decades. One of the earliest descriptions of OPN was as Eta-1, found by Cantor's group to be one of the most upregulated genes early after T-cell activation (reviewed in Uede 2011). Subsequently, OPN was shown to regulate T-cell development, enhancing differentiation along the T helper (Th) 1 pathway and suppressing creation of Th2 cells (Ashkar et al. 2000) . Later, OPN was shown to support Th17 differentiation (Murugaiyan et al. 2008) . OPN was independently identified as a major noncollagenous protein of bone and as a protein overexpressed in cancer and associated with metastasis. The OPN promoter has numerous transcription factor-binding sites, and OPN gene expression is often highly upregulated in various diseases and pathologies. The heterogeneous roles of OPN are still poorly understood and are likely in part related to its ability to support cell migration as an integrin-binding protein, but its role in cellular signaling has been firmly established. The recent identification of an intracellular form of OPN (iOPN) that mediates aspects of intracellular signaling introduced new dimensions to the biology of this protein. Here, we focus on recent findings on the role of OPN in immune-mediated diseases, with emphasis on the molecular mechanisms of OPN effects, as summarized in the Table. Since immune-mediated diseases typically result from a misdirected immune response, OPN frequently contributes to pathology in these situations. But it must be kept in mind that OPN has an important protective role in enhancing the immune response in the case of various infections. For details on earlier work, please see several recent reviews (Inoue and Shinohara 2011; Konno et al. 2011; Rittling 2011; Uede 2011) .
OPN Structure/Receptors
OPN is a member of a class of proteins called intrinsically disordered proteins (Kurzbach et al. 2013) . Several studies confirmed the original observation (Fisher et al. 2001 ) that OPN has little or no detectable tertiary structure by NMR. OPN is heavily posttranslationally modified, with as many as 36 phosphorylation sites (Christensen et al. 2005) , although the extent of phosphorylation varies with the source of the protein (Christensen et al. 2007) . It is also a very acidic protein: the pI of the unmodified protein is 4.37, lowering to 3.35 when fully phosphorylated, as in milk OPN. OPN binds to a series of integrins through 2 adjacent sequences ( Fig. 1) . One, containing a central RGD, binds with high affinity to αv-containing integrins, most famously αvβ3. The adjacent SVVYGLR sequence binds α9β1, as well as α4β1 and α4β7, but in the case of the α4β1 integrin, OPN can bind to only the highest activation state of the integrin (Hui et al. 2015) . Recently, a third adjacent conserved sequence has been shown to mediate effects of OPN: LRSKSRSFQVSDEQY in mouse or RSKSKKFRR in human. LRSK . . . QY binds to α9β1 integrin and participates in development of some forms of arthritis (Kon et al. 2014) , while RSKSKKFRR has chemotactic activity for human dendritic cells (DCs), although the receptor for this protein has not been identified (Shao et al. 2014) . A direct or perhaps indirect interaction of OPN with some forms of CD44 has been reported, but the specific binding sequences in OPN remain elusive (Uede 2011) .
In recent years, evidence has been accumulating for some degree of secondary structure in OPN, despite its unstructured nature. An interaction between the N-and C-terminal ends of OPN has been detected in NMR studies (Yamaguchi et al. 2010) . A biological effect of this interaction may be responsible for the recent observation that modification of the extreme C-terminal end of OPN, which is highly conserved across species, by addition of a his-tag or phosphorylation can block the ability of OPN to support binding to αvβ3 integrin, as detected by adhesion assays (Christensen et al. 2012 ). Cleavage of OPN by thrombin, physically separating the RGD sequence from the C-terminus, eliminates the inhibitory effect. This result is consistent with a low-affinity interaction between the C-terminus and the region surrounding the RGD, with this interaction blocking access to the RGD sequence. Kazanecki et al. (2007) suggested that short segments of β-sheet formed in these regions may support this interaction. It is also of interest that the sequence containing the identified cell-binding regions is the only region of the molecule with a basic pI ( Fig. 1 ). Thus, a combination of β-sheet and electrostatic interactions may form the basis of this interaction. That thrombin cleavage prevents the C-terminal blocking effect demonstrates that close proximity of the 2 sequences is required and that the affinity of the interaction is not sufficient to support binding between 2 separate molecules. This view is supported by high-resolution structural studies showing that OPN undergoes cooperative folding and unfolding events (Kurzbach et al. 2013 ).
OPN in Multiple Sclerosis
OPN was identified as 1 of the disease-specific transcripts in brain tissue from patients with multiple sclerosis (Chabas et al. 2001) . Multiple sclerosis is regarded as an autoimmune disease caused by infiltration of reactive T cells into brain lesions, and it cycles through period of disease and remission. Chabas et al. (2001) showed that in experimental autoimmune encephalitis (a mouse model for multiple sclerosis), the disease is less severe in mice lacking OPN, thereby establishing its pathogenic role in this disease, particularly in the prevention of remission. Mechanistic studies demonstrated that OPN administration can cause disease recurrence in mice that are in remission, and they linked OPNinduced signaling pathways to survival of pathogenic T cells in vitro and in vivo (Hur et al. 2007 ) and to production of IL-17 by CD4 + T cells (Murugaiyan et al. 2008 ). These results suggest that OPN contributes to the progression of multiple sclerosis in animal models by amplifying the T-cell response through multiple mechanisms. More recent effort has focused on the role of OPN in human disease and the correlation of OPN expression with symptoms during treatment (reviewed in Harris and Sadiq 2009) . While OPN levels are reduced following treatment, 1 study found no specific association between OPN levels and disease activity (Kivisakk et al. 2014 ). Since OPN is upregulated in many pathologic conditions, a lack of specificity may limit the use of OPN as a biomarker in this and other diseases.
An effect of OPN on Th17 cells was also recently demonstrated in emphysema (Shan et al. 2012) . OPN was found to be one of the most highly upregulated genes in DCs from lungs of emphysema patients as compared with healthy controls. In a mouse model of cigarette smoke-induced emphysema, development of disease was reduced in OPN-deficient mice, in parallel with reduced IL-17, IFNγ, and MMP-12 expression. Antigenpresenting cells from wild-type but not OPN-deficient mice with emphysema induced IL-17 expression in normal T cells. These results can explain the observations that emphysema patients express high levels of IL-17A and IFNγ in lung tissue: expression of these cytokines is upregulated through antigenpresenting cell-expressed OPN interacting with T cells, resulting in upregulation of IFNγ and IL-17. These cytokines were shown in other experiments to contribute to MMP-12 expression and development of emphysema in the mouse model. These results are consistent with the observations in mouse models of multiple sclerosis, where DC expression of OPN induces IL-17 expression in T cells, thus contributing to disease.
Systemic Lupus Erythematosus and B Cell-related Diseases (Sjögren's)
A role of OPN in systemic lupus erythematosus (SLE) has been proposed on the basis of expression and functional studies. SLE is an autoimmune disease that affects numerous organs, originating in a deregulation of B and T lymphocytes, resulting in production of autoantibodies, most notoriously against double-stranded DNA (Rekvig 2015) . Several molecular mechanisms resulting in B-cell dysregulation have been identified, with a central theme being dysregulated signaling in follicular B cells and altered immune cell reactivity to selfantigens (Han et al. 2015) . B cells migrate from the bone marrow to specialized structures in peripheral lymph nodes known as follicles. After antigenic stimulation, follicles are converted to germinal centers, where specialized T follicular helper (Tfh) cells interact with B cells to stimulate antibody gene rearrangement and differentiation into plasma and memory cells. A second T-cell subset derived from regulatory T cells, Tfr (T follicular regulatory), has more recently been shown to regulate B-cell differentiation, and defects in these cells have been suggested as contributing to autoimmunity (reviewed in Sage and Sharpe 2015) .
The association of OPN with SLE in humans is reflected in increased expression in patients with SLE. In addition, polymorphisms in the OPN gene that may affect expression levels have been identified in several studies in SLE patients, but there is a need for more extensive studies to validate these results (reviewed in Kaleta 2014) . At a mechanistic level, there are demonstrated roles for OPN in B-cell development. An early description of OPN described its role in promoting immunoglobulin production in B-cell preparations (Lampe et al. 1991) and noted strongly increased OPN expression in T cells in the MRL/lpr mouse model of SLE. This observation was later confirmed in vivo, where transgenic expression of OPN in B cells resulted in expansion of B-cell subsets and increased immunoglobulin levels (Iizuka et al. 1998 ). Most compelling, these transgenic OPN-overexpressing mice developed anti-DNA antibodies, demonstrating a direct link between OPN overexpression and SLE-type immune dysregulation.
OPN has been implicated in other diseases with B-cell involvement. In a mouse model of psoriasis, OPN deficiency prevented the expansion of the B-cell population associated with skin inflammation (Frenzel et al. 2015) . Of considerable interest is the recent report that transgenic mice expressing OPN in B cells spontaneously develop Sjögren's disease, characterized by lymphocytic infiltration into salivary tissue, increased autoantibody levels, and reduced saliva production (Husain-Krautter et al. 2015) . Augmented B-cell survival and proliferation were observed in this model, but a role of the increased OPN levels on T-cell function is also a possible mechanism. Together these observations support a role for OPN in promoting B-cell differentiation, resulting in increased antibody production. While this effect of OPN may be protective in the case of various infections, it appears to be pathologic in autoimmune disorders where autoantibody production results in pathology.
A novel mechanistic role for iOPN in development of B cells in germinal centers was demonstrated by data from Leavenworth et al. (2015) , using a new mouse model that expresses only iOPN. In these mice, the endogenous OPN gene was replaced by a mutated allele, in which sequences downstream of the ATG were removed, eliminating the signal sequence and fusing the ATG to the first codon of the secreted form of OPN. The mutant allele also contains flox sites flanking a stop codon upstream of the ATG, so these mice are effectively OPN deficient. Upon Cre expression, the stop codon is removed, leading to expression of OPN lacking a signal sequence in tissues where Cre is expressed. This mouse strain was used to show that iOPN is required for high-affinity antibody production and generation of B cells in response to systemic antigen. In OPN-deficient animals, antibody production and B-cell numbers in germinal centers were severely reduced, while these features were restored in iOPN-expressing mice. B-cell differentiation in lymph node germinal centers in the absence of OPN was due to deficient Tfh cells that provide help for B-cell development in germinal centers, as well as Tfr cells. iOPN supported Tfh-and Tfr-cell differentiation and survival through a mechanism linking ICOS ligand binding to stabilization of the transcriptional regulator BCL6. In this scenario, iOPN binds to the 85-kD subunit of PI3K, which is released following ICOS stimulation, and the complex relocates to the nucleus, where OPN binds BCL-6, preventing its ubiquitination and degradation (Fig. 2) . These results may explain the effect of OPN on B cell-associated diseases, since increased expression of iOPN would enhance Tfh-cell numbers, increasing B-cell differentiation and antibody production. Since iOPN and secreted OPN are encoded by a single mRNA, it is likely that they are regulated in parallel and that increased serum OPN would reflect increased iOPN expression in T and other cells. B-cell dysregulation in follicular B cells is thought to underlie the development of SLE (Han et al. 2015) , so this mechanism may underlie some pathology associated with this disease.
Rheumatoid Arthritis
An autoimmune disorder affecting primarily women >40 y old, rheumatoid arthritis (RA) arises from accumulation of immune cells in the synovial joint spaces, resulting in pain and reduced range of motion. The role of OPN in this disorder was initially suggested when OPN-deficient mice were protected against development of joint pathology in a mouse model of RA. Later work implicated the SLAYGLR (in mouse OPN) α9 integrinbinding sequence of OPN in this protection, and the thrombincleaved form of OPN was found to be present at higher levels in RA patients than in healthy controls. Antibodies specific for the SLAYGLR/SVVYGLR sequence provided protection in both mouse and nonhuman primate models of RA (reviewed in Uede 2011) . Recently, a sequence just C-terminal to the SLAYGLR has also been shown to mediate OPN effects on RA development in mice through the α9 integrin (Kon et al. 2014) . The mechanism of the effects of OPN in this disease include recruitment of inflammatory cells and production of pathogenic cytokines in synovial fibroblasts and macrophages, mediated by the α9β1 integrin. More recently, however, antihuman OPN SVVYGLR antibodies failed to provide significant clinical improvement in RA patients in a clinical trial, although this was a phase 1 study with a relatively small number of patients (Boumans et al. 2012) . Since the association of OPN serum levels and RA disease severity is controversial (Iwadate et al. 2014; Ji et al. 2014) , this result suggests that there may be variability in the role of OPN in individual patients with RA. In support of this idea, a recent large study implicates certain OPN gene polymorphisms as associated with RA, identifying OPN as a potential susceptibility gene for this disease (Gazal et al. 2015) .
OPN in Liver Damage and Injury
There has been considerable interest recently in the role of OPN in inflammatory diseases of the liver. Alcoholic liver disease (ALD), including alcoholic hepatitis (AH), is a clinical condition that manifests from fatty liver to hepatic inflammation, necrosis, progressive fibrosis, cirrhosis, and hepatocellular carcinoma (Gao and Bataller 2011) . Similarly, liver dysfunction associated with nonalcoholic fatty liver disease is associated with liver fibrosis, cirrhosis, and cancer (Syn et al. 2012) . ALD and comorbidities are associated with infiltration of inflammatory cells, including Kupffer cells, monocytes, macrophages, neutrophils, and lymphocytes to liver, resulting in liver damage. Several studies suggest that hepatic inflammation is mediated partially through expression of OPN by various immune and nonimmune cell types. In a rat model of AH, OPN expression correlated with neutrophil infiltration, especially in female rats, and blocking OPN with a specific antibody reduced the neutrophil accumulation (Ramaiah and Rittling 2007) . This is just 1 example of several studies where OPN was shown to exert proinflammatory effects through integrin interactions in liver inflammation, enhancing neutrophil accumulation (reviewed in Ramaiah and Rittling 2007) .
These results are supported by recent studies in human liver diseases. OPN appeared as 1 of the most highly upregulated genes in transcriptome analysis of patients with AH (Morales-Ibanez et al. 2013), and OPN expression correlated with hepatic inflammation, TGFβ expression, and neutrophil accumulation in ALD (Patouraux et al. 2012) . OPN in vitro activates hepatic stellate cells and initiates the increase in collagen I leading to liver fibrosis, via integrin αvβ3 engagement and activation of the PI3K/pAkt/NF-κB signaling pathway (Urtasun et al. 2012) . LPS induced OPN expression in human hepatic stellate cells, and alcohol-fed OPN-deficient mice were protected from neutrophil infiltration and displayed reduced expression of inflammatory cytokines (Morales-Ibanez et al. 2013), altogether supporting a pathogenic role of OPN in AH. Alcohol consumption has been suggested to lead to intestinal dysbiosis and increased intestinal permeability (leaky gut) that results in translocation of bacteria-derived LPS from the gut to the liver (Hartmann et al. 2015) . This mechanism likely explains the observation that orally administered OPN from bovine milk can suppress the development of AH in a mouse model, through increasing gut epithelial integrity and reducing neutrophil accumulation in the liver (Ge et al. 2013) .
OPN action in alcohol-induced liver injury is suggested to be mediated by hepatic stellate cell signaling and by supporting cell migration and activation of fibrinolysis, extracellular matrix, and fibrogenic pathways (Seth et al. 2014 ). However, contrasting results have also been reported, where OPN was shown to have a protective role in AH and experimental ALD, with increased neutrophil infiltration in OPNmice (Lazaro et al. 2015) . The reason for these different results is not immediately apparent but may be related to the specifics of the disease induction model and, possibly, the sex and strain of the mice used. Elucidation of the mechanisms underlying these different results will be of interest and will lead to increased understanding of the role of OPN in these diseases.
OPN in Inflammatory Bowel Diseases
Inflammatory bowel diseases (IBDs) are immune-mediated diseases typically resulting from abnormal mucosal T-cell response to commensal bacteria in intestine. IBD manifests as 2 main pathologies, including ulcerative colitis (UC) and Crohn's disease (CD), which involve chronic intestinal inflammation, mucosal damage, and epithelial barrier dysfunction. In CD, mucosal T cells exhibit a predominant Th1 phenotype, whereas UC presents with a Th2 phenotype (Strober et al. 2007 ).
As in other pathologies, OPN has been found to be upregulated in association with these diseases, suggesting a mechanistic link. Early work demonstrated OPN expression in macrophages and fibroblasts (higher in UC than CD; Masuda et al. 2005) , as well as in epithelial cells and plasma cells (Sato et al. 2005) . Recently, elevated plasma levels were shown to be correlated with disease activity (Komine-Aizawa et al. 2015) . However, reduced expression of OPN in UC and CD as compared with normal controls was found in a cohort of Chinese patients (Tang et al. 2014 ), although this difference may be explained by a focus on expression in epithelial rather than inflammatory cells. Interestingly, a haplotype consisting of 8 single-nucleotide polymorphisms in the OPN gene was found to exhibit significant associations with CD susceptibility (Glas et al. 2011) , further supporting an association of OPN with this disease. Since Th1 skewing of effector T cells underlies the development of IBD and since OPN is associated with Th1-and Th17mediated immune response in CD (Gordon and MacDonald 2005) , a role of OPN in promoting these pathologies seems likely.
Elucidation of the precise role of OPN through the use of mouse models of colitis supports a role for OPN in the development of disease. OPN deficiency suppresses pathology in dextran sulfate sodium (DSS)-and trinitrobenzenesulphonic acid (TNBS)-induced colitis (Zhong et al. 2006; Oz et al. 2012) . Kourepini and colleagues (2014) recently described a mechanistic basis for this effect. They showed that a subset of DCs lacking CD103 expression (CD103 -DCs) residing in mesenteric lymph nodes expressed high levels of OPN during TNBS-as well as DSS-induced colitis. Loss of OPN in CD103 -DCs resulted in disease amelioration, whereas transgenic overexpression of OPN in the same cells rendered them highly pathogenic. Systemic neutralization of OPN was therapeutic in these colitis models, confirming that secreted OPN is the important form of the molecule in this disease. Furthermore, disrupting the interaction of the OPN domain SLAYGLR with integrin α9 suppressed the inflammatory potential and pathogenicity (Kourepini et al. 2014) . A new approach to colitis therapy involves administration of mesenchymal stem cells, which can ameliorate colitis by reducing the number of infiltrating effector T cells in the colon: expression of OPN in mesenchymal stem cells due to deletion of the transcription factor Aire suppresses this effect (Parekkadan et al. 2012 ). These results are consistent with a role for OPN expressed by CD103 -DCs or other cells, in enhancing Th1-and Th17-cell development in colitis, thereby contributing to pathology (Fig. 3) .
Interestingly, previous work showed a protective effect of OPN in DSS-induced colitis (da Silva et al. 2006 ) and that treatment of colitic mice with bovine milk OPN in drinking water improved intestinal damage in DSS-induced acute colitis, in part by restoring macrophage activity and TGFb1 release, which promotes tissue repair (da Silva et al. 2009 ). Heilmann and coworkers (2009) introduced the concept of a dual role of OPN in experimental colonic inflammation, since OPN was found to worsen colitis during acute exposure of DSS, while providing a protective function in chronic DSS treatment. An alternative explanation for these conflicting results may rest in different effects of OPN on epithelial integrity (protective) versus T cell-mediated tissue damage (pathologic). In support of this idea, TNFα induces the transcription factor IRF-1 in intestinal epithelial cells in vitro, and IRF-1 was shown to suppress OPN expression. OPN blocks apoptosis via AKT, P38, and ERK signaling in these cells, so a reduction in OPN expression led to increased apoptosis (Tang et al. 2014) . This protective effect of OPN on intestinal epithelial cells in vitro is in agreement with the effect of orally administered OPN in supporting intestinal integrity, which ameliorated intestinal inflammation in addition to hepatic injury (Ge et al. 2013 ). In addition, OPN binds to multiple integrins, so it is possible that its interactions with different integrins may mediate distinct phenotypic changes. Additional experiments are needed to evaluate these possibilities. 
Conclusions
The past few years have led to an expanded understanding of the role of OPN in immunologic reactions, first established with the discovery of Eta-1. Novel insights into the mechanisms of action of OPN have been revealed, including the recurring theme of OPN's contribution to the development of pathogenic T-cell populations, especially Th17 cells. Of interest, several studies demonstrated that OPN expression by DCs enhances T-cell differentiation into Th17 cells. Several outstanding questions are revealed by these results, however. Specifically, what is the role of OPN expression in different cell types? Since OPN is itself upregulated in activated T cells, how does this contribute to the development of pathologic T-cell populations? Can autocrine expression of OPN in T cells stimulate their own differentiation? Or is the expression of OPN in the context of the DC-T cell interaction important? Similarly, what is the relative role of secreted and intracellular OPN in B-cell development? iOPN in T cells is suggested to support B-cell differentiation in germinal centers, but overexpression of OPN in B cells themselves leads to B-cell dysfunction and autoimmunity. Tissue or cell type-specific deletion of OPN could be used to resolve these questions, so new mouse models based on conditional knockouts or Crispr-Cas-mediated deletion are needed. These models might also help to address conflicting reports of the effect of OPN that have been obtained in several model systems, as in colitis and AH. In addition, the more widespread use and availability of mutant forms of OPN lacking 1 or more integrin-binding sites would be useful for resolving issues about specific OPN-integrin interactions required for its different effects. The idea that OPN can have multiple effects in different cell types, with distinct outcomes for disease phenotypes, is supported by several studies. Therefore, given the complexity of the protein and its varied receptors, it will be important in future work to elucidate the specific OPN-receptor interactions involved in various responses as well as the proximal signaling pathways. While downstream signaling pathways are frequently described, elucidation of the membrane proximal events associated with OPN action will help to determine which integrin interactions are most relevant in specific cell types. It is clear that OPN plays a key role in the development of several aspects of the immune response, but detailed mechanistic understanding of these varied roles will be required for the development of therapeutic approaches to suppress its pathologic effects in human diseases.
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